Familial combined hyperlipidemia (FCHL), the most common familial dyslipidemia, is implicated in up to 20% of cases of premature coronary heart disease. Although underlying mutations for FCHL have yet to be identified, several candidate genes/regions have been identified. A positive linkage to chromosome 1q markers has been reported, with the highest lod score of 5.93 occurring at a location between D1S104 and D1S1677. Using the same diagnostic criteria, the Family Heart Study (FHS) has defined 71 FCHL families, comprising 170 cases, for a total of 137 possible affected sibling pairs. The FCHL criteria require elevation in serum low density lipoprotein cholesterol and triglyceride levels within the family, with at least 2 affected first-degree relatives. Markers D1S104 and D1S1677 were typed, and significant allele sharing was found in FCHL sibships (multipoint lod score with use of the model from the Finnish study was 2.52, and multipoint nonparametric score was 2.48; Pϭ0.007), replicating linkage in this chromosome 1 region. In addition, previously reported linkage of FCHL to apolipoprotein A-I/C-III/A-IV has been investigated in FHS families. FHS results revealed positive but nonsignificant allele sharing among FCHL sibships with apolipoprotein A-I/C-III/ A-IV by use of marker D11S4127 (nonparametric linkage score 1.11, Pϭ0.13). Two-locus analyses of D1S104 and D11S4127 suggested possible heterogeneity rather than epistasis, with a maximum 2-locus lod score of 3.05. A nonparametric 2-locus analysis revealed significant improvement in the 2-locus versus single-locus scores. Finally, no linkage was found with markers near the lipoprotein lipase gene region. (Arterioscler Thromb Vasc Biol.  2000;20:2275-2280.) 
F amilial combined hyperlipidemia (FCHL) is the most common familial dyslipidemia, with a prevalence of 1% to 2%, 1 and is implicated in up to 20% of cases of premature coronary heart disease (CHD). 2 FCHL criteria require elevation of serum total cholesterol and triglyceride levels within the family, with at least 2 affected first-degree relatives. 3 Studies of the genetics of FCHL have been complicated by uncertain phenotype definition, likely genetic heterogeneity, and unknown mode of inheritance. These difficulties have thus far prevented the identification of underlying mutations for FCHL. Several loci have produced positive results, although often with mixed findings in replication studies.
Perhaps the most promising candidate region is on chromosome 1q21-23. Pajukanta et al 4 recently published positive linkage to chromosome 1q markers in 250 individuals (115 affected) from 31 Finnish FCHL families, with the highest lod score of 5.93 occurring between D1S104 and D1S1677.
Of additional interest, Castellani et al 5 have since identified a region on mouse chromosome 3, syntenic to human 1q21-23, causing traits that mimic FCHL in the HcB-19 mouse strain.
Linkage in FCHL families has also been reported to apolipoprotein A-I/C-III/A-IV on chromosome 11. 6 That study ascertained 7 FCHL families through a proband carrying an allele of the XmnI restriction fragment length polymorphism, a marker in linkage disequilibrium with A-I/C-III/ A-IV. Support for this finding has been reported in 18 families with premature coronary artery disease and FCHL 7 ; however, the linkage to A-I/C-III/A-IV in that study was to the presence of small dense LDL particles, a trait significantly associated with FCHL. In addition to these linkage studies, positive linkage disequilibrium has also been reported between A-I/C-III/A-IV and hypertriglyceridemia. 8 Negative linkage reports of A-I/C-III/A-IV in FCHL families also appear in the literature, suggesting possible genetic heteroge-neity or false-positive results in the positive reports. 9 -11 One study has proposed more complex models to explain the contribution of A-I/C-III/A-IV to FCHL; these models involve epistatic interactions of specific haplotypes at the locus. 12 The lipoprotein lipase (LPL) gene is also an attractive candidate for FCHL. Decreased activity of LPL in subjects with FCHL has been shown, 13 and positive associations have been reported between FCHL and genetic variants in the LPL promoter and in exon 6. 14 -16 However, other studies have reported negative findings for FCHL with LPL. 17, 18 In the National Heart, Lung, and Blood Institute (NHLBI) Family Heart Study (FHS), there are 71 FCHL families, comprising 170 cases, for a total of 137 affected sibling pairs. Markers in all 3 of these candidate regions have been genotyped on these sibships and on a larger set of FHS families for whom lipid traits can be studied. Linkage to FCHL and interactions of the regions were tested in the NHLBI FHS sample. Our replication study used the exact genetic model of the Finnish study, which was derived from the population frequency of FCHL. In addition, we tested each region by using nonparametric methods.
Methods

Subjects
Subjects were drawn from the NHLBI FHS, 19 a multicenter population-based study investigating genetic and nongenetic causes of CHD, atherosclerosis, and cardiovascular risk factors. Subjects were drawn from 4 centers, including Framingham, Mass; Salt Lake City, Utah; Minneapolis, Minn; and Forsyth County, NC. After written informed consent was obtained, a total of 5381 subjects from 1245 families (657 high CHD risk and 588 random) completed an extensive clinical examination. Clinical data obtained included the following: anthropometry, blood pressure, blood samples (for laboratory tests and DNA), ECG, pulmonary function, ultrasound cardiovascular measures, and questionnaires supplying information about socioeconomic status, lifestyle, medical history, medication use, food intake, physical exercise, family structure, and psychosocial characteristics. For details, see the NHLBI FHS Manuals of Procedure. 20 The primary focus of the present study was on the FCHL sibships within the FHS. To define FCHL, probands were classified into the following categories: (1) type 2a (Ͼ90th percentile in LDL cholesterol [LDL-C] and Ͻ90th percentile in triglycerides), (2) type 2b (Ͼ90th percentile in LDL-C and Ͼ90th percentile in triglycerides, and (3) type 4 (Ͻ90th percentile in LDL-C and Ͼ90 percentile in triglycerides). A sibship was classified as having FHCL if at least 2 first-degree relatives in the family were type 2b or if 2 first-degree relatives had at least 2 different FCHL phenotypes. No adjustments were made for lipid-lowering medications to avoid uncertainty in the magnitude of the medication effect. With this conservative strategy, any individuals in the FHS sample who would have been classified as affected and were not taking medications were not included in the analysis. Of the subjects with FCHL, 2 reported that they were currently on lipid-lowering medications, but they still had high enough values to be classified as affected. Ten of the FCHL subjects reported having had diabetes.
This diagnosis resulted in 71 FHS families with at least 1 sibling pair affected with FCHL (170 total cases, 137 affected sibling pairs). The distribution of affected siblings in these families was as follows: 46 sibships with 1 affected pair, 13 sibships with 3 affected cases (3 pairs), 2 sibships with 4 affected cases (6 pairs), 1 sibship with 6 affected cases (15 pairs), 2 sibships with 1 affected pair plus another half sib, 1 sibship with 1 affected pair plus 2 other half sibs, and 5 sibships with 1 affected half sib pair.
In addition, quantitative lipid traits (triglycerides, LDL-C, HDL cholesterol [HDL-C], and total cholesterol) were studied in the larger set of families in the FHS that had been genotyped for candidate gene studies. This genotyped sample included sibships drawn from FHS families having the following: (1) at least 1 CHD sib pair, (2) at least 1 pair of sibs both in the upper 80th percentile of the intima medial carotid wall thickness distribution, (3) FCHL sib pairs, (4) at least 1 hypertensive sib pair, (5) all of the African-American sample, and (6) 454 unrelated random subjects for association studies and allele frequency estimation.
Measurements
For measurement of lipids, subjects were asked to fast for 12 hours before their clinic visit. Evacuated tubes with no additives were used to collect samples for lipid study. Blood samples were spun at 3000g for 10 minutes at 4°C and then stored at Ϫ70°C until sufficient numbers of samples accumulated for shipment to the Central Biochemistry Laboratory at the University of Minnesota for processing. For most subjects, LDL was estimated by use of standard methods. 21 For subjects with triglyceride levels Ͼ400 mg/dL, LDL was measured by ultracentrifugation. HDL, total cholesterol, and triglyceride concentrations were measured by a Roche COBAS FARA high-speed centrifugal analyzer (Roche Diagnostic Systems). HDL-C was measured after precipitation of other lipoprotein fractions by dextran sulfate. 22 Because of skewness, triglyceride concentration was logarithmically transformed before further analysis.
Other measures were used as covariates in the present study, including age, sex, body mass index, smoking, alcohol, fat intake, fruit/vegetable intake, hematocrit, estrogen use, and research center. Anthropometric measurements were collected with subjects wearing scrub suits. Weight was measured by use of a balance scale, and height was measured by use of a vertical ruler mounted to a wall. Subjects were asked to bring medications to their clinic visit, and medication use was assessed through a review of these medications and through an interview. All other variables were collected through interviews performed by trained interviewers. Individuals on cholesterol-lowering medications were omitted from the quantitative analysis. Table 1 presents descriptive statistics for the subset of subjects with FCHL and all genotyped FHS subjects. The table reports lipid levels after adjustment for covariates; this adjustment is described below.
Genotyping
Genotyping for all markers was performed by using polymerase chain reaction amplification of genomic DNA. Primer sequences are found in the Genethon database (http://www.genethon.fr) for D1S104, D11S4127, and D8S282 and in the CHLC database (http://www.chlc.org) for D1S1677. D1S1677 is mapped 0.4 cM from D1S104; both markers were used in the Pajukanta et al 4 study of FCHL. D11S4127 is mapped 0.0 cM from the A-I/C-III/A-IV gene region (lod score 13.0) according to the CEPH database (http://www.cephb.fr.ogi-bin). Marker LPL1GTR2, located in the 5Ј region of the LPL gene, is described in detail in Odelberg and White. 23 D8S282 is 3 cM from the LPL gene and is described in Wu et al. 24 Polymerase chain reactions for the markers were carried out by use of standard techniques and under standard conditions optimized for each marker. Exact concentrations and conditions are available on request from the authors. Characteristics showing the informativeness of the markers estimated from the FHS sample are shown in Table 2 .
Statistical Analysis
FCHL sibships were analyzed by using parametric and nonparametric methods. The parametric model was identical to that used in the Pajukanta 4 study, in an effort to replicate the significant linkage of that study to the chromosome 1 region. This model was derived from the general population frequency of FCHL. The gene frequency for the disease allele was fixed at 0.006 for the dominant model and 0.1095 for the recessive model. Subjects were coded as either affected or unknown to avoid the specification of reduced penetrance. The pedigrees were analyzed by use of the FASTLINK modification 25 of the LINKAGE program. 26 Simulation analyses of representative markers with 75% heterozygosity were performed to determine the probability that observed results were false positives. The simulations were performed on 1000 replicates of the FCHL families by assuming the dominant linkage model with the SLINK program. 27, 28 Nonparametric analyses on the FCHL sample were performed with the use of GENEHUNTER. 29 Two-locus analysis was performed by use of D1S104 and D11S4127. The correlation of the nonparametric linkage GENE-HUNTER scores for each family at each locus was computed as described in Cox et al. 30 We used the correlation to dictate the most likely model to test by use of the weighting scheme described by Cox et al. The resulting negative correlation indicated that although the data were consistent with a heterogeneity model, epistasis was unlikely. Investigation of scores revealed a pattern in which high scores for D1S104 were coupled with lower or negative scores for D11S4127, and vice versa, although negative-negative and positivepositive sibships were observed. Approximately one quarter (18 of 70) of the sibships showed positive scores for both markers, suggesting a model in which either locus might give rise to the phenotype but without an epistatic interaction. We tested this model by weighting all families with a positive score for either locus with a 1 and by weighting families with negative or zero scores at both loci with a 0. We then performed a new GENEHUNTER analysis. Significance of the increase in the score was assessed through taking the difference between the original total score and the weighted total score multiplied by 2 log(10). This statistic is distributed as a 2 with 1 df, and probability values from this test will be conservative. 30 Parametric 2-locus lod scores were also computed by use of the Pedigree Analysis Package (PAP). 31 The 2 loci were assumed to be unlinked, and dominant inheritance was assumed at both loci, with affection resulting from a mutation at either locus (heterogeneity model). Again, unaffected cases were coded as unknown.
Quantitative lipid traits were analyzed on the full FHS genotyping sample by use of MapMaker Sibs. 32 We report the nonparametric quantitative trait locus score, which requires no assumptions about the distribution of the phenotypic differences. The scores approximate a standard normal distribution. We also report the traditional lod score from the Haseman-Elston regression method. 33a 
Results
Analyses of FCHL Sibships
Two-point lod scores are shown in Table 3 . The observed maximum score of 2.06 for D1S104 was tested by simulation analyses. In a simulation assuming no linkage, the average maximum score was 0.03, and only 3 scores of 1000 were greater than the observed score of 2.06. The additional information gained from the adjacent marker D1S1677 increased the score in a multipoint analysis to 2.52, but the location of the maximum was not between the 2 markers as it was in the study of Pajukanta et al. 4 A multipoint simulation using 1000 replicates and assuming no linkage generated no lod score Ͼ1.0 across the region, indicating that the observed score of 2.52 is unlikely to be a false positive. Similar findings are present for the nonparametric analyses (see Table 4 ).
Two-Locus Analyses
Nonparametric scores for D1S104 and D11S4127 from each family were generated by use of the GENEHUNTER program. These scores were significantly negatively correlated (rϭϪ0.30, Pϭ0.01). To test a heterogeneity model in which a mutation at either locus could produce the disease, we weighted the families 0 if scores for both loci were negative and 1 if the score for either locus was positive. A new GENEHUNTER run with this weighting generated the scores shown in Table 4 . The significance of the 2-locus model was computed by use of a conservative 2 test and provides significance for the multipoint chromosome 1 score and for D11S4127. In addition to this nonparametric analysis, the 2-locus parametric analysis using PAP produced a maximum lod score of 3.05 with disease locus 1 fixed at D1S104 (ϭ0) and disease locus 2 fixed at D11S4127 (ϭ0).
Analysis of Quantitative Lipid Traits in FHS Sibships
Before genetic analysis, adjustment for each quantitative lipid trait was performed by use of the general linear model procedure in SAS. 33b Adjustment was performed separately by sex. For men, primary effects for LDL-C, total cholesterol, and triglycerides were age, age squared, body mass index, hematocrit, and research center. Additional effects for men were fruit/vegetable consumption (LDL-C and total cholesterol), drinking status (total cholesterol), fat consumption (triglycerides), and exercise per day (triglycerides). HDL-C in men showed associations with body mass index, hematocrit, smoking status, and drinking status. For women, primary effects for LDL-C and total cholesterol were age, age squared, body mass index, hematocrit, menopause status, and research center. For HDL-C and triglycerides, primary effects were body mass index, hematocrit, exercise per day, smoking status, drinking status, estrogen replacement, and research center. Additional effects in women were estrogen replacement (LDL-C), fruit/vegetable consumption (total cholesterol), fat intake (HDL-C), and menopause status (triglycerides). Residual scores from these regressions were used in the subsequent genetic analysis. Table 5 shows the MapMaker Sibs results for the adjusted quantitative traits. No significant results were found. 
Discussion
The present study confirms evidence for a predisposing locus for FCHL on chromosome 1q21-23 in the NHLBI FHS. The maximum multipoint score reached significance for a replication (maximum lod score 2.52, nonparametric multipoint score 2.48). As suggested in Lander and Kruglyak, 34 the significance threshold of a linkage originally found in a region up to 20 cM should be Pϭ0.01. Because we additionally tested 2 models (dominant and recessive), the lod score threshold for significance should be increased by log 10 k, where k is the number of models tested (in this case, from 2.0 to Ϸ2.3). The smaller family size and the sib-pair approach likely contribute to the lower lod scores found in the present study versus the original Finnish study. In the present study, maxima occur either at D1S104 or are centromeric, rather than occurring between D1S104 and D1S1677, as reported by Pajukanta et al. 4 There are a number of interesting candidate genes near this linkage region identified in the Pajukanta study, including apolipoprotein A-II (5 cM from D1S104). A gene encoding a secretory protein of adipose tissue (adipocyte-specific apM-1) has been subsequently mapped to 1q21.3-1q23. 35 Weak positive scores were also obtained for the A-I/C-III/ A-IV region by use of marker D11S4127 (nonparametric score 1.11, Pϭ0.13). Parametric 2-locus linkage analysis using PAP gave a maximum lod score of 3.05 for D1S104 and D11S4127 by assuming a heterogeneity model in which a dominant mutation at either locus could produce FCHL. A nonparametric 2-locus analysis was performed by weighting families in GENEHUNTER as described by Cox et al. 30 The weighted analyses gave significant improvements in scores over the single-locus analysis with use of a conservative 2 test. Both methods suggest heterogeneous effects of the chromosome 1 region and the A-I/C-III/A-IV region in the FHS sample. A replication study in a family sample with larger extended pedigrees would likely clarify this finding.
Quantitative lipid traits (LDL-C, HDL-C, total cholesterol, and triglycerides) defined in the larger FHS sample produced consistently negative results with the candidate markers. Therefore, we conclude that these candidate loci are unlikely to account for major gene effects that have been suggested in segregation analyses of lipid traits. A possibility remains that the distribution of quantitative lipid traits might contain a more homogeneous subgroup at upper extremes for LDL-C, total cholesterol, and triglycerides and at the lower extreme for HDL-C. The 25th percentiles, as defined by the entire FHS sample, were chosen as cutoffs that would produce sufficient numbers of sibling pairs for analysis. Parametric and nonparametric analyses of these 25th percentiles produced positive results for triglyceride concentration in the chromosome 1 candidate region, although results were lower than those for the FCHL phenotype (data not shown). However, an investigation of the sib pairs analyzed revealed that there was substantial overlap between the 88 sib pairs defined by the upper 25th percentile triglyceride concentration and the FCHL sibships; 50 of 88 (57%) of the pairs were also FCHL pairs. Our result with high triglycerides in FHS is therefore likely to be a reflection of our FCHL results with this region.
The replication in the FHS sample of the chromosome 1q finding is important for this genetically heterogeneous disorder. An effect of this magnitude in our diverse multicenter study, consistent also with results in the Finnish population, suggests a common predisposing allele for FCHL on chromosome 1q. The heterogeneous A-I/C-III/A-IV effect was suggested in previous discrepant linkage studies reviewed in the introductory section, and this region remains controversial. The A-I/C-III/A-IV effect in our data was more pronounced when analyzed together with D1S104, suggesting the utility of 2-locus strategies in the detection of loci for this heterogenous trait. 
